Rationale: We previously discovered several phosphorylations to the ␤ subunit of the mitochondrial F 1 F o ATP synthase complex in isolated rabbit myocytes on adenosine treatment, an agent that induces cardioprotection. The role of these phosphorylations is unknown. Objective: The present study focuses on the functional consequences of phosphorylation of the ATP synthase complex ␤ subunit by generating nonphosphorylatable and phosphomimetic analogs in a model system, Saccharomyces cerevisiae. Methods and Results: The 4 amino acid residues with homology in yeast (T58, S213, T262, and T318) were studied with respect to growth, complex and supercomplex formation, and enzymatic activity (ATPase rate). The most striking mutant was the T262 site, for which the phosphomimetic (T262E) abolished activity, whereas the nonphosphorylatable strain (T262A) had an ATPase rate equivalent to wild type. Although T262E, like all of the ␤ subunit mutants, was able to form the intact complex (F 1 F o ), this strain lacked a free F 1 component found in wild-type and had a corresponding increase of lower-molecular-weight forms of the protein, indicating an assembly/stability defect. In addition, the ATPase activity was reduced but not abolished with the phosphomimetic mutation at T58, a site that altered the formation/maintenance of dimers of the F 1 F o ATP synthase complex. Conclusions: Taken together, these data show that pseudophosphorylation of specific amino acid residues can have separate and distinctive effects on the F 1 F o ATP synthase complex, suggesting the possibility that several of the phosphorylations observed in the rabbit heart can have structural and functional consequences to the F 1 F o ATP synthase complex. (Circ Res. 2010;106:504-513.)
P reconditioning (PC) is a phenomenon by which physiological and pharmacological interventions protect the heart from damage during future ischemic episodes (for review see 1 ) . Mitochondria have long been implicated in this protective phenotype. 2, 3 In studying the link between PC and the mitochondria, our group observed phosphorylation of the F 1 F o ATP synthase complex ␤ subunit (ATP␤) in response to adenosine mediated PC. 4 There have been several observations connecting modulation of the ATP synthase complex to PC, including its specific downregulation to preserve ATP pools during ischemia. [5] [6] [7] The goal of the present work was to gain insight into the functional aspects of phosphorylation of ATP␤ by mutation of the amino acid residues in a model system.
It is becoming increasingly clear that mitochondria participate in control by kinase cascades and protein phosphorylation (for reviews, see elsewhere 8 -11 ). Several groups have shown that the F 1 F o ATP synthase complex can be phosphorylated on subunits ␣, 12-14 ␤, 12,14,15 ␦, 16 , 12 ␥, 12, 14, 17 4, 12 OSCP, 12, 14 c, 14 and g, 12 in a broad range of species. Phosphorylation has been correlated to dimerization of the ATP synthase complex in yeast (subunit g) 12 and in heart (␥ subunit), 17 but there is currently no evidence that phosphorylation of ATP␤ regulates any aspect of the complex. Regulation of this complex could come at a variety of points: transcription, translation, import, assembly, or direct functional regulation. The F 1 F o ATP synthase is a well-conserved enzyme complex that is known to exist in several different assemblies, including both monomeric and dimeric forms. [17] [18] [19] Its subunits have a high degree of amino acid sequence homology and similar assembly, structure, and catalytic activity from Escherichia coli to mammals. 18 Eukaryotic F 1 F o ATP synthase is more sophisticated in both the number of subunits and in the specific chaperones required for assembly. 20 It has been suggested that this increased complexity could provide more regulated steps in the produc-tion of the enzyme, 20 and phosphorylation adds yet another level of regulation.
The present study focuses on defining the individual role of each phosphorylated amino acid residue of ATP␤ discovered in PC. To accomplish this, the genetically tractable model system of Saccharomyces cerevisiae was chosen so that each phosphorylation could be studied independently and in the context of a complete knock out of the endogenous protein.
The amino acid residues were mutated to nonphosphorylatable (alanine) or phosphomimetic (aspartic acid and glutamic acid) residues. The acidic residue mutations incorporate a charged residue to mimic phosphorylation. The alanine mutations act as a control mutation by ensuring backbone spacing is retained, without the possibility of phosphorylation. The model system is an essential tool because 100% of ATP␤ are modified at the same site and all ATP synthase complexes contain modified subunit. In vivo mammalian analysis would be complicated by the fact that the regulation of the ATP synthase complex could involve either a single modified subunit in each complex or multiple modifications to different sites on each of the 3 ATP␤ in a given complex. This study expands on our cardiac proteomic findings using a model system to analyze phosphorylations independently of the complications of controlling phosphorylation and dephosphorylation in mammalian systems. The mutant strains were analyzed with respect to structure and function as compared to wild-type (WT) and an ATP␤ deletion strain (atp2⌬). The data show that phosphorylation of ATP␤ at unique amino acid residues could act as important regulators of complex function (ATPase rate) and structure (F 1 and dimer formation), because several phosphomimetic mutants had dramatic effects.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Media and Genetic Methods
Yeast media included YEPD (YEP with 2% dextrose), SD (synthetic medium containing 2% dextrose), YEPDϩEtBr (YEPD with 25 g/nL ethidium bromide), and SRaf (synthetic medium with 2% raffinose); yeast genetic techniques are as previously described. 21 
Strains
The yeast strains used in this study are listed in Table 1 . See the Online Data Supplement.
Mitochondria and ATP Synthase Isolation
Crude mitochondria were isolated from yeast homogenates 22 and purified using sucrose gradients. 22, 23 ATP synthase was isolated using sucrose gradient centrifugation (see the Online Data Supplement). 24 
Blue Native PAGE and Two-Dimensional BN/SDS-PAGE Gels
Blue native PAGE (BN-PAGE) was used to resolve the native, intact mitochondrial protein complexes. 25 Two-dimensional BN/SDS-PAGE was also performed to analyze complex subunit composition. 25 See the Online Data Supplement for details.
One-Dimensional SDS-PAGE
One-dimensional electrophoresis, 4% to 12% NuPAGE Bis-Tris gels (1 mm, Invitrogen), were run according to manufacturer's protocols, using LDS sample buffer and MES running buffer and stained with silver 26 or colloidal Coomassie. 27 
Western Blotting
Gels were transferred and blotted as described in the Online Data Supplement.
ATPase Assays
In-solution ATPase assays were performed on sucrose gradient isolated complex. 28 In-gel ATPase analyses were performed following BN-PAGE. 19 See the Online Data Supplement.
Tandem MS
Protein bands from 1D BN-PAGE and 2D BN/SDS-PAGE were cut and prepared for digestion. 29 See the Online Data Supplement for data acquisition and protein identification details.
Three-Dimensional Structure
The ␣ 3 ␤ 3 hexamer of the S cerevisiae ATP synthase from Protein Data Bank (http://www.pdb.org) 2HLD structure 30 was modeled using DeepView/Swiss-PdbViewer v3.7. S106 and T107  T58  93%  T58A  T58E   T262/S263  S213  79%  S213A  S213D   T312  T262  95%  T262A  T262E   T368  T318  100%  T318A  T318E Acidic amino acids (A and E/D) were substituted to mimic phosphorylations and alanine residues were substituted as control mutations.
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Results
Phosphomimetic Mutations
Four of the 5 phosphorylated residues observed in the rabbit heart protein are conserved in the yeast protein (see alignment, Online Figure I ). The residues present were mutated to phosphomimetic and nonphosphorylatable amino acids as shown in Table 1 . Two residues were located on the matrixfacing surface of the subunit (T58 and S213), and 2 were located in the center of the complex (T262 and T318) ( Figure  1 ). The 2 internal sites are located in close proximity, so double mutations were made in an attempt to determine whether simultaneous phosphorylation would result in a different phenotype than the individual mutations.
Effect on Growth
The effects of the mutations were assessed by examining the growth of all strains at 16°C, 30°C, and 37°C on either SD-His or YEPDϩEtBr media. These types of media were chosen to examine the growth of the mutant strains in both a selected, uninhibited manner (SD-His) and in the absence of mitochondrial (mt)DNA (YEPDϩEtBr). All strains grew equivalent to WT at 30°C and 37°C, regardless of the media (data not shown). However, at 16°C the T262E strain displayed reduced growth compared on SD-His (Online Figure  II , A) and did not form colonies on YEPDϩEtBr media, where there was no mtDNA (and thus no F o ), whereas the T262A grew comparably to WT in both instances (Online Figure II, B) . This growth phenotype was mirrored by the double mutants T262A/T318A (WT-like growth) and T262E/ T318E (T262E-like growth) (Online Figure II, C) .
Phosphomimetic Mutants Exhibit a Differential Arrangement of ATP Synthase Complex by BN-PAGE
The ATP synthase assemblies present in each mutant strain, as compared to both WT and the ATP␤ deletion strain (atp2⌬), were analyzed by 1D BN-PAGE. Importantly, all of the mutant strains had ATP␤ protein levels equivalent to WT, as observed by SDS-PAGE of mitochondria ( Figure 2A ). Because detergents are known to preserve complexes to different extents, 31 mitochondria from all strains were solubilized in either lauryl maltoside (LM) ( Figure 2B and 2C) or digitonin (DIG) ( Figure 2D and 2E). LM disrupts protein interactions to a greater degree than DIG, which is capable of preserving more structures. Figure 2B and 2D shows equal loading of gels by total protein stain (Coomassie) and Figure  2C and 2E shows Western blots probed with anti-ATP␤ antibody (␣ subunit blots gave the same pattern; data not shown). Both LM-and DIG-solubilized mitochondria contain an ATP␤ band at Ϸ700 kDa. This is identified as the intact F 1 F o complex, based on apparent mass, previous observations [32] [33] [34] [35] and mass spectrometric (MS) data (Figure 2C and  2E; Table 2 ). The F 1 F o band is present at equal amounts (based on densitometry, nϭ3 each, Online Table II) in all mutant strains solubilized with LM or DIG. The only exception being the LM-solubilized T262E/T318E, which is re- Figure 1 . The amino acid residues of interest mapped onto the 3D structure of the ␣/␤ hexamer of S cerevisiae (Protein Data Bank no. 2HLD). 30 Amino acid residues are color-coded, with numbers given for the mature protein (with known mitochondrial targeting sequence removed). Two of the residues (T58 [yellow] and S213 [red] ) are located on the matrix-facing portion of the ␤ subunit, whereas the other 2 (T262 [green] and T318 [blue]) are located within the center of the complex. Both buried (T262) and accessible (T58) residues had observed assembly and functional differences.
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duced by 10% to 30% (Pϭ0.03). Regardless of the detergent used, ATP␤ was also present in a complex at 480 kDa. This corresponds to the F 1 portion of the complex (Table 2) , which is known to assemble independently of the F o portion. [32] [33] [34] [35] The quantity of the F 1 band is markedly different between WT and several phospho-mutants in both detergent conditions (based on densitometry, nϭ3 each, Online Table II ). In particular, T58E has much less of the F 1 band than either WT or T58A and the strains T318A and T262A/T318A also have much lower levels than WT. Three of the phosphomimetic strains (T262E, T318E and T262E/T318E) display an absence of this F 1 band in both detergent conditions. Interestingly, the strains lacking the F 1 band display lower-molecular-weight bands of ATP␤ ( Figure 2C and 2E) and ␣ subunit (data not shown). DIG solubilization allowed for the observation of a higher molecular weight form (Ϸ1000kDa) of the ATP synthase complex, which likely represent F 1 F o dimers ( Figure 2D ). Some of the mutant strains have differences in the amount of dimer as compared to WT (22Ϯ4.9) (Online Table II ). Most interestingly, T58A had a greater quantity of dimer (56Ϯ10, PϽ0.02), whereas the T58E had a WT level of dimer (27Ϯ5.1). Taken together, the data in Figure 2 imply that, although all the mutant strains have WT levels of the ATP␤ and of the intact F 1 F o complex, the strains differ greatly in the smaller and larger observed assemblies.
Using 2D analysis (2D BN/SDS-PAGE) in which the complexes are resolved first by BN-PAGE and then separated into subunits by reducing and denaturing SDS-PAGE, we were able to resolve the individual protein components of the 1D BN-PAGE bands (Figure 3 ). Figure 3A (LM solubilization) shows that the F 1 F o (700-kDa) band of the WT, T262A, and T262E strains is made up of at least ␣, ␤, ␥, and OSCP subunits from both of the F 1 and F o components (based on MS; Online Figure III and Online Table III ). The suspected F 1 band (480 kDa) in the WT and T262A strains is missing the F o component OSCP subunit ( Figure 3A ). For the T262E strain, in which there is no detectable F 1 band by BN-PAGE, no ␣, ␤, or ␥ subunit was resolved in this region. However, the T262E strain gel contains additional ␣ and ␤ subunit spots in the lower portion of the BN-PAGE. Two-dimensional BN/SDS-PAGE of DIG-solubilized mitochondria confirmed the subunit pattern observed in the F 1 F o and F 1 bands of LM-solubilized mitochondria ( Figure 3B ). DIG 2D gels also confirmed the presence of F 1 subunits ␣, ␤, and ␥ and the F o subunit OSCP in the dimer area (based on MS; Online Figure  III and Online Table III) .
To increase the coverage of the complex subunits, MS analysis was performed directly on each 1D BN-PAGE band of interest from WT mitochondria using trypsin and chymotrypsin independently. Several subunits of both the F 1 and the F o portions of the complex were observed ( 
Several Phosphomimetic Mutants Have Decreased ATPase Function
Functional assessment of the phosphomimetic and nonphosphorylatable mutations was performed on complexes isolated from mitochondria by sucrose gradient centrifugation. 24 Mitochondria isolated from the atp2⌬ strain were used as a negative control. The in-solution ATPase rate for the complex with the mutants at residue S213 (3.44Ϯ0.52 [S213A] and 3.14Ϯ0.51 mol P i /mg per minute [S213E]) did not differ from WT (3.28Ϯ0.56 mol P i /mg per minute), but all other mutations caused changes with respect to WT ( Figure 4B ). Although the A and E mutants of the residue T58 both had reduced ATPase rates, the T58A strain had significantly better function (2.42Ϯ0.38 mol P i /mg per minute) than the T58E phosphomimetic strain (1.43Ϯ0.25 mol P i /mg per minute; PϽ0.01 between T58A and T58E). Both mutations at T318 reduced ATPase rates compared to WT (T318A 0.17Ϯ0.15 mol P i /mg per minute; T318E no detectable activity). The T262A strain trended toward an increase in ATP hydrolysis (4.01Ϯ0.36 mol P i /mg per minute; Pϭ0.054) compared to WT, whereas the phosphomimetic Figure 3 . Two-dimensional BN/SDS-PAGE of isolated WT and mutant mitochondria. LM-solubilized mitochondria from WT, T262A, and T262E yeast strains (A) and DIG-solubilized mitochondria from WT, T58A, T58E, T262A, and T262E yeast strains (B) were subjected to BN-PAGE in 1D and SDS-PAGE in 2D (4% to 12% gels). This technique allows for the separation of complexes observed on 1D BN-PAGE into individual subunits. Indicated protein gel spots were identified by MS/MS. These 2D BN/SDS-PAGE gels confirm the presence of the F o and/or F 1 subunits at the correct location in the BN-PAGE. (For MS identification data, see Online Table III.) 508
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(T262E) had no detectable activity. It is of note that the double mutant of T262E/T318E (0.14Ϯ0.27 mol P i /mg per minute) is even more impaired in its ATPase rate than the T318E mutant alone (no detectable activity). Because different quantities of the free F 1 and the dimer forms of the complex were observed by BN-PAGE in some mutant strains, in-gel ATPase assays were also performed to ensure that the in-solution ATPase data were affected by these different complexes. DIG-solubilized mitochondria were used because they allowed for the observation of all ATP synthase bands ( Figure 5 ). Although equal quantities of F 1 F o ATP synthase monomer are present in all strains (except the atp2⌬ control), the activity stain shows increased intrinsic activity in the T262A monomer compared to WT and no observable activity in the T262E monomer ( Figure 5 ). This pattern was also observed in the dimer bands of the WT, T262A, and T262E strains. The in-gel activity of the F 1 , F 1 F o monomer, and F 1 F o dimer bands in Figure 5 show the same functional patterns as the in-solution assays, indicating that the level of intrinsic activity is driven by the ATP␤ protein, not its assembled state. This is also confirmed by the fact that though T262E and T318E have similar BN-PAGE band patterns, T318E retains activity in all observed bands, whereas T262E has no activity.
Discussion
The present work explores the ATP␤ phosphorylations, originally observed in a rabbit heart, in the model system S cerevisiae. Using this model system, we have shown that mutations mimicking phosphorylation of specific residues of ATP␤ can have unique effects on the structure and function of the complex. The phosphomimetic of the T262 residue blocks the ATPase function of the complex, whereas mutations at the T58 residue primarily affect dimer formation. Because the T262 residue is buried in the interior of the intact complex, it may be inaccessible to dynamic regulation (although it could be phosphorylated before or during complex formation). Residue T58, which is on the surface of the complex, could be modulated in the intact ATP synthase complex in a faster time scale. 
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Growth of Phosphomimetic Mutants
Although each strain grew well at 30°C on all media, the added stress of growth at 16°C revealed a cold-sensitive phenotype for the T262E strain. At this temperature, T262E did not grow well on SD-His, and this deficiency was even more pronounced on YEPDϩEtBr. As growth of yeast on media containing EtBr results in the loss of mtDNA, 36 the phenotype of the T262E mutant on this medium implies a role of mtDNA in maintaining the viability of the T262E strain. Yeast mtDNA encodes 3 subunits of the F o portion of the complex (a, c, and 8). 18 The F 1 portion of the complex is essential to viability in the absence of the F o section, 37 possibly because of hydrolysis of ATP into ADP by the F 1 component, allowing the ADP/ATP translocase to maintain mitochondrial membrane potential. 18, 37 The inability of the T262E mutant to grow only in the absence of mtDNA at 16°C indicates that this phosphorylation most likely interferes in some aspect of the F 1 component assembly or function that can be stabilized by the F o portion of the complex.
F 1 F o ATP Synthase Complex Monomer Assembly
The F 1 and F o components of the ATP synthase complex form independently in the matrix and the inner membrane. 18 Different complex assemblies are observed on BN-PAGE gels depending on the type of gel used and the protein/ detergent ratio. 31, 35, 38, 39 In this study, LM-solubilized WT mitochondria had 2 prominent ATP synthase bands: the F 1 F o complex monomer (Ϸ700 kDa) and the F 1 portion alone (Ϸ480 kDa). Solubilization with DIG allowed for the additional observation of the F 1 F o complex dimer. It is possible that the independent F 1 portion may be a product of the detergent extraction 31 and not relevant in vivo, but the stark differences between the phosphomimetic strains and the consistency between both LM-and DIG-solubilization give insight into the subunit interactions affected by these phosphorylations ( Figure 6 ). The F 1 F o monomer is present at equal quantities in all strains, implying that intact complex monomer can assemble and is stable as the holoenzyme ( Figure 2C and 2E) . However, there is a striking difference in the amount of free F 1 complex between WT and some mutant strains. The phosphomimetic mutants T262E, T318E, and T262E/T318E have reduced quantities of the F 1 complex (Figure 2C and 2E). It is probable that the F 1 portion of the complex is unstable in these phosphomimetic strains and is either labile under the detergent extraction conditions or cannot form unless it is assembled with the F o component. In other words, the F o component of the complex is capable of stabilizing the F 1 when the complex is fully assembled. This hypothesis is consistent with the stunted growth phenotype of the T262E mutants described above on EtBr containing media, where a functional F 1 is essential in the absence of the F o . 
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T262 is located on the interior of the F 1 portion of ATP synthase complex (Figure 1 ). There are no published data to suggest that the T262 residue has either interior intrasubunit interactions that would explain this apparent structural interference, suggesting unknown biophysical aspects of this amino acid residue. All of the other sites that caused a decrease in the quantity of the F 1 component compared to WT have known interactions. For example, T318 is in close proximity to sites known to be involved in hydrogen bonding between the ␣ and ␤ subunits in E coli. 40 The T58 residue is also located within a region involved in subunit interactions, the ␤-barrel domain. 41, 42 Although T318 and T58 have less F 1 by BN-PAGE and known subunit interactions, they did not show defects in growth assays, indicating that any functional effect of this F 1 destabilization in the accessible T58 or buried T318 mutants is incomplete.
F 1 F o ATP Synthase Complex Dimer Assembly
The other difference on the BN-PAGE gels is in dimer formation between the T58A and T58E strains ( Figure 2E ). Formation of the ATP synthase complex into dimers and oligomers has been observed in mammalian cells and yeast and can affect cristae formation, 35 improve efficiency of the enzyme, 43 and even affect mitochondrial membrane potential 44 (for review, see elsewhere 45 ). Phosphorylation of ATP synthase complex subunits, g subunit in yeast 12 and ␥ subunit in bovine, 17 have been correlated to the formation of dimers. The difference in dimer formation between the T58A and T58E strains implies an additional role for phosphorylation of ATP␤ in the regulation of dimer formation or maintenance.
F 1 F o ATP Synthase Complex Function
The amino acid residues of ATP␤ involved in the binding of nucleotide/phosphate and catalysis have been defined in yeast. 30 None of the residues in this study is known to be a part of the catalytic site, yet it is clear that the substitution of the phosphomimetic mutations can affect function (Figures 4 and 5), probably because of conformational or other allosteric changes. Functional consequences of ATP␤ phosphorylation were examined by 2 ATPase assay methods and both yielded similar results. Two of the amino acid residues (S213 and T318) had no significant differences in ATPase rate between the phosphomimetic and the nonphosphorylatable mutations. Both of the mutations of residue T318 displayed no ATPase activity, implying its importance to overall function. The double mutation of the internal sites mimicked the ablation of function observed for T318 alone and thus could not provide any insight into cooperation or inhibition of these 2 internally-located phosphorylations. Two of the phosphorylated amino acid residues exhibited a large difference between A and E forms, indicative of potential regulation by phosphorylation in vivo. There was a 2-fold difference in ATPase rate between the T58A and T58E strains. As discussed above, the T58 amino acid residue is located within a ␤barrel domain that has structural interactions with other F 1 subunits. 41, 42 The interactions of this domain could be disrupted by the T58E mutation (or by phosphorylation), causing an inefficient complex and producing the lower ATPase rate.
The ATPase rate of T262A trended toward being higher than WT, whereas the T262E strain had essentially no activity, indicating that this residue could be an important regulatory site. T262 is buried within the center of the F 1 portion of the complex (Figure 1) , and, as such, phosphorylation would have to occur before assembly or by some autophosphorylation. This residue is located near 3 residues known to interact with oxygen atoms of phosphate during catalysis (␤Asp256, ␤Asn257, and ␤Arg260). 30 Although there is no indication in the literature that T262 is important for catalysis, this study clearly indicates that modifications here have significant implications for the function of the F 1 F o complex. An in vivo phosphorylation of the T262 equivalent residue in rabbit hearts would likely result in decreased function of this complex, which has been shown to occur in PC.
Implications of ATP␤ Phosphorylation
Although the S. cerevisiae provided an excellent model system in which to study the phosphorylation of ATP␤, there are a few important caveats to this study when considering it in the context of the mammalian heart. Most importantly, the phosphomimetics in this study are constitutively present, mimicking universal phosphorylation at a single site in each ATP␤ mutant strain. This is likely not representative of the in vivo cardiac situation, because the phosphorylated forms represent a small portion of the total ATP␤ in the rabbit heart. Also, it is possible that the phosphorylations exert regulation at only discrete steps in import, assembly or function of the F 1 F o complex. Because the phosphomimetic mutations are constitutively present, it is impossible to clarify these steps and some consequences of in vivo phosphorylation may be missed. The other main difference between the model system approach and in vivo phosphorylation is that all of the ATP␤ in the yeast mutants contain the same modified site. As such, the ATP␤ composition in all complexes is homogenous rather than a combination of unphosphorylated or heterogeneous phosphorylation on each ATP␤ in the complex. This singlesite analysis is beneficial as it allows the direct assignment of function to a particular phosphomimetic residue. However, in vivo it is possible that regulation would involve different stoichiometry at any site on each of the complex's 3 ␤ subunits, and this differential residue phosphorylation could act to produce a unique phenotype. Even so, the observations of this study provide significant evidence that phosphorylation of ATP␤ can have important implications to the structure and function of the F 1 F o ATP synthase complex.
Here, we have shown that, in a model system, mutations of ATP␤ mimicking the phosphorylations observed in rabbit heart can impact both the structure and function of the F 1 F o ATP synthase complex. Specifically, the T58E mutant affected dimer formation and decreased ATPase function, and the T262E mutant ablated ATPase function. The matrixfacing, accessible nature of the T58 site makes it a likely candidate for rapid regulation of the ATP synthase complex into dimers or a mild phosphorylation-dependent decrease in function. The T262 residue is buried in the center of the complex, making it likely that it is phosphorylated before assembly and may be involved in longer-term regulation of the complex. This would imply that in the original PC model, 
Novelty and Significance
What Is Known?
• Cardiac preconditioning stimuli can affect mitochondrial function and specifically the F 1 F o ATP synthase enzyme complex.
• Phosphorylation can occur on several subunits of the mitochondrial F 1 F o ATP synthase, including 5 specific sites on the ␤ subunit found in pharmacological preconditioning.
What New Information Does This Article Contribute?
• In a model system, phosphomimetic mutations of T262 ablated function, indicating that in vivo phosphorylation could result in down-modulation in ATP activity.
• Phosphomimetic mutations to the T58 site cause changes in the function and the maintenance of complex dimers, which play a large role in overall mitochondrial shape and function.
This study is an important step forward in our understanding of the posttranslational regulation of the mitochondrial F 1 F o ATP synthase complex. The study moved a novel proteomic discovery that the ␤ subunit was phosphorylated to a system that allowed the functional effect of each modification to be assessed. It was shown that 2 of the phosphorylation sites (mimicked by pseudophosphorylation mutants) affect structure and function of ATP synthase. This study is the first to connect site-specific phosphorylation of an F 1 F o ATP synthase subunit with modulation of the holoenzyme. This opens several new questions regarding the kinases involved in phosphorylation and the dynamic nature of these phosphorylations in vivo. Understanding the mechanisms of these phosphorylations provides a new context for mitochondrial involvement in PC.
SUPPLEMENTAL MATERIAL MATERIALS AND METHODS
Strains. The ATP2 gene (β subunit) was cloned from genomic DNA using the primers 5'-ATAAGAATGCGGCCGCTAAACTATCATATATATGTATTTCCTTTC-3' and 5'-CCGCTCGAGCGGGAACGGTAATTTGGAATACAG-3' with restriction sites for NotI and XhoI, respectively (underlined). The resulting PCR product was digested with NotI and XhoI ligated into vector pRS313. Site-directed mutations were introduced into the ATP2 gene using a QuikChange Kit (Stratagene) with the oligonucleotides corresponding to either an alanine mutation or glutamic or aspartic acid for each phospho-residue (The oligonucleotides are listed in the Online Table I ). DNA sequencing was used to confirm that appropriate mutations were ATP synthase isolation. The F 1 F o ATP synthase complex was enriched using a discontinuous sucrose gradient separation, essentially as described 1 . Briefly, 1mg of intact mitochondria was gently solubilized at 4°C in PBS (3.2 mmol/L Na 2 HPO 4 , 0.5 mmol/L KH 2 PO 4 , 1.3 mmol/L KCl, 135 mmol/L NaCl, pH 7.4) with 1% n-dodecyl-β-D-maltoside and centrifuged at 18,000 x g for 1h at 4°C. The supernatant was separated using a discontinuous sucrose gradient (15-35%) and spun at 72,000 x g for 16.5h at 4°C. 400μL fractions were collected from the bottom of the tube.
To identify the fractions containing the F 1 F o ATP synthase complex, a 10μg aliquot of each fraction was separated on a denaturing 1D gel (as described below) and silver stained 2 . The Mass Spectrometry. Each protein band was analyzed following trypsin or chymotrypsin digestion in order to maximize the number of proteins detected. All samples were pre-cleaned with C18
Omix tips (Varian) according to manufacture's protocol. The 2D gel spot peptides were resuspended in 50% ACN, 0.1% TFA and plated with matrix cyano-4-hydroxy-trans-cinnamic acid to stainless steel plates. MS spectra were acquired on the 4800 MALDI TOF/TOF Analyzer (ABI) using 1000 shots/spectra and a laser power between 4300-4700 units. The MS spectra were processed using a signal to noise (S/N) threshold of 5:1, and the 10 largest peaks were selected for MS/MS. MS/MS was acquired from largest to smallest for each spot, using 1000-4000 laser shots; shots were allowed to accumulate until five peaks were greater than 70:1 S/N, or until 4000 shots were reached. MS/MS spectra were processed using a 3:1 S/N cutoff. Mass lists were generated based on the processing thresholds. 1D gel bands were analyzed using the LTQ (ThermoFinnigan) with a C18 column (75μm column hand-packed with YMC ODS-AQ 5μm particle size, 120A pore size) in gradient mode (inject at 8.5-30% 0.1% formic acid/90% acetonitrile (30min), 60% 0.1% formic acid/90% acetonitrile (18 minutes) and to 100% 0.1% formic acid/90% acetonitrile (22min)) with a flow rate of 300 nL/min. The electrospray voltage post-search analysis performed using Scaffold (Proteome Software). All raw data peak extraction was performed using Sorcerer 2™-SEQUEST® default settings. Data was searched using the Swissprot database, using either a full trypsin or full chymotrypsin digestion, with the following criteria: Species: all species; variable modifications: carbamidomethyl, oxidation (methionine); peptide mass tolerance: 1.2amu. All MS/MS spectra were manually examined using Scaffold (Proteome Software).
Online Figure I . Amino acid alignment of rabbit and yeast ATP synthase β subunits. Amino acid alignment performed using the online tool ClustalW2
(http://www.ebi.ac.uk/Tools/clustalw2/index.html). Underlined and bold residues indicate the tryptic peptide observed in the phospho-analysis of the ATP synthase β in rabbit heart.
Highlighted residues are the observed phospho-residues in rabbit and the site that was mutated in the yeast mutant strains.
Online Figure II . Yeast growth assays. Strains were created by transforming the atp2Δ strain with plasmids containing either the WT ATP2 gene or mutant ATP2 (list of mutant amino acids in Table 1 and primers indicated in Online Table I ). All strains were streaked onto either SD-His or Representative gel of isolated ATP synthase fraction used for ATPase assays in solution.
Phospho-site
Primers
T58A
5'-GCTCAACATTTGGGTGAAAACGCCGTCAGAACCATTGCTATGG-3' 5'-CCATAGCAATGGTTCTGACGGCGTTTTCACCCAAATGTTGAGC-3'
Online Table I . Primers used for site directed mutagenesis
Online GKVTAVIGAIVDVHFEQSELPAILNALEIKTPQGKLVLEVAQHLGENTVRTIAMDGTEGL 103 *::.*****:***:*::. **.******:: : :***********.************* RABBIT VRGQKVLDSGAPIKIPVGPETLGRIMNVIGEPIDERGPIKTKQFAPIHAEAPEFIEMSVE 179 ATP2 VRGEKVLDTGGPISVPVGRETLGRIINVIGEPIDERGPIKSKLRKPIHADPPSFAEQSTS 163 ***:****:*.**.:*** ******:**************:* ****:.*.* * *..
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